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1. INTRODUCTION

The problem of electromagnetic (EM) wave scattering for waves propagating through a
plasma sheath surrounding reentry vehicles and vehicles traveling at hypersonic
velocities at high altitudes has attracted the attention of many researchers [1-4]. In this
report the influence of low frequency wave turbulence excited in a compressible
supersonic plasma flow with velocity shear around a vehicle is analyzed. A system of
nonlinear equations consisting of the momentum equations for ions, the mass
conservation equations for ions and electrons, and an equation for the density of adiabatic
electrons is presented. These equations are complemented by the Poisson equation for the
electrostatic potential associated with the excitation of ion acoustic perturbations due to
the presence of the flow shear. Our equations appropriately take into consideration the
effects of ion-neutral collisions and ion viscosity. This system of equations is solved
numerically and wave spectra of excited low frequency perturbations are obtained. We
investigate the interaction of the incident EM wave and low frequency turbulent
pulsations inside a plasma sheath, considering them relatively small. In this case we can
separate incident and scattered waves. At the same time characterizing the interaction of
the incident wave with the turbulent plasma pulsations requires the use of nonlinear
equations [5, 6]. The nonlinear current generated by this process in the case of a high
frequency incident EM wave contains only the electron component. On analyzing the
dispersion equation for electromagnetic, electrostatic Langmuir, and ion acoustic waves
involved in the scattering process, we find that different types of scattering scenarios are
possible. In the case when the frequency of the EM signal is much greater than the

electron plasma frequency (@, >> @, ), the scattered waves will also be electromagnetic

with frequency @, + w,, where o, is the frequency of the ion acoustic wave generated by

the excited turbulent wave spectrum. In the case when the frequency of the incident EM

signal is close to the electron plasma frequency (@, > @, ), two processes can take place:

1. Scattering of the incident EM signal into another EM wave with the frequency

o, to,.



2. Transformation of the incident EM signal into a Langmuir wave with frequencies
in the range , + w, .

We find that turbulence caused by such ion acoustic wave instabilities can strongly
influence the properties of electromagnetic waves, potentially impacting the quality of

communication channels.

The following is the layout of this report. In Section II, we present the multi-fluid
equations underlying our linear stability analysis and the nonlinear saturation stage of the
instability associated with a velocity shear in the plasma flow. In Section III we discuss
numerical solutions of the nonlinear equations including a description of the spectra of
generated density perturbations associated with the ion acoustic waves. In Section IV we
analyze the scattering of the incident EM wave on the electron density perturbations and
calculate the amplitudes of the scattered waves and scattering cross sections for the two
cases described above. We conclude the report with a summary and a discussion of the

main results.

2. INSTABILITY OF A PLASMA FLOW WITH A VELOCITY SHEAR

In the present section we investigate the excitation of vortices and ion acoustic type
perturbations in a compressible supersonic plasma flow with velocity shear. A system of
nonlinear equations consisting of the momentum equations for ions, the mass
conservation equations for ions and electrons, and an equation for the density of adiabatic
electrons is presented below. These equations are complemented by the Poisson equation
for the electrostatic potential associated with the excitation of ion acoustic perturbations
due to the presence of the flow shear. Equations presented below also properly take into
consideration the effects of ion-neutral collisions and ion viscosity. We are interested in
the excitation of turbulent pulsations in a compressible supersonic plasma flow with

velocity shear in the two-dimensional case (see Figure 1 below).
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Fig. 1. Plasma flow has velocity v, (x) directed along the y axis and velocity shear is
along the x axis.

The basic equations which describe the plasma flow are as follows:

1. Equation of motion for the ions:
ov. - L
m;n; a_tl+(vi'v)vi =-Z2enVo-VP+m AV, - i, 0 v, (v, -V,) (1)

2. Equation for the adiabatic electrons:
T.Vn,=en Vo )

3. Mass conservation equation for the ions:

%%+deNQ=O 3)

4. Poisson equation for the electrostatic potential:
Ap=4re(n,—n,) (4)



In equations (1)-(4) the flow velocity can be presented in the following form:
Vv, =V,, (X)e, +0V(X,Y,t) (5)

In equation (5) voy(x) is the initial flow velocity, which varies along the direction
perpendicular to the flow direction, and v, (t,x,y) are the perturbed velocities which

appear due to excitation of vortices and ion acoustic oscillations inside the plasma flow.

To solve (1)-(4) numerically and to find excited density and electric field perturbations
and their spectra we first introduce dimensionless variables and rewrite the system of

equations in dimensionless form. For the ion dimensional mass density p,and
dimensional number density N, we introduce dimensionless mass p, and number
densities N, as

£ (X, Y) = Pomex £:(X,Y) N~i = Momax NiOGY) Do = MiﬁOmax (6)

where p,,...and f,,. are maximum dimensional mass and number densities and M is

0 max
the dimensional ion mass.

Now we introduce dimensionless time according to
t=a,f, (7)

where the dimensional ion plasma frequency is given by
2.2
By = /% , ®)
Mi

We normalize the space variables as

X=Ax  y=Ay, )

and t is dimensional time.

where Ai is the distance between two grid points.
For the dimensionless ion velocity in the flow we use
0, (%, 9)=@, A0 (. ). (10)

For the dimensionless electrostatic potential of the excited perturbations we introduce



~~~|W@A?
DX, Y)= ?CD(X y) .

Finally, for the dimensionless mass and number density we use

Now we can rewrite the main system of Equations 1-4 in the dimensionless and

conservative form as follows:

Momentum equations:

é)(NI IX)
Of)t (NI iX I)()+ (NI iX Iy)_
7.0 o”N (. V. V. o? o?
:—N————E @m'an Up) + — o N (s + ),
ox A7 Ox M a, Dy ox: oy
dNu,) @2
ot —a _(N' y! )+ (NI Iyuly):
~ ~ ~ 2 2
N2 T ON, ‘f'" Y N (U, ~ Uy )+ s Ny (S,
'oy Al oy @,; a)p,A, ox: oy

Mass conservation equation:
ON,

—+— N.u N.u 0
é)t 0,, ( i |x) ( i |y)
Poisson equation:
~2
av=tz-ny+ 1 P i
Z Z (T, /M)

Equation for adiabatic electrons:

(11)

(12)

(13)

(14)

(15)

(16)

17)

(18)



where Z is the charge number of ions.
Using the above dimensionless system of equations we investigate the linear and
nonlinear stages of

1. Vortices with Vxv =0

2. lon acoustic fluctuations.

We choose the following Gaussian initial velocity profile (see Figure 2):

IRV
Vo, (X) =exp {—%} (19)

wid

where X ., =5L,, X,q =3L, ,and Lyis the size of the simulation box in the x

direction. Note that this profile has inflection points (a necessary condition for the
excitation of vortices) and it can also be responsible for the excitation of ion acoustic

waves inside the plasma flow.
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Fig. 2. Gaussian initial velocity profile (red) and its derivative (blue) for the
dimensionless speed.

Below we present an algorithm for the numerical solution of the system of Equations 13—
17 initialized with the Gaussian flow velocity profile (see Equation 19). The

dimensionless time evolution equations are solved using temporal and spatial finite



differences. They are integrated in time using a robust two-step predictor corrector with
an optional Lax step in the predictor [7, 8]. The time integration scheme is illustrated here
using the density equation, where the density is denoted by N and the superscripts denote
time levels as n*At (or just * for the predictor step time index) and the subscripts spatial

locations as i*Ax and j* Ay, where As indicate the unit steps in time and space.

Predictor:

{% (NVX )in+1,j _(NVX )in—l,j:|}
[( NV, )in,j+1 N ( NV, ):J’—li|} (20)

Lax: <N.”.>:%[N.” .
No Lax: <N.”.>= N/

Corrector:

_(At)x{%[(vi)H+1 (V) L
—(At)xDx{N/,; 2% N, + N/, |}
—(At)x Dx{N,, = 2* N, + N/} 1)

Note that diffusion acts only on the perturbed part of the density.

One unique feature of our numerical algorithm is the use of well-established templates
which are repeatedly employed to perform first and second derivatives in space-centered

finite difference form in both the x and y directions. These are the only derivatives used,



given the conservative formulation of the convective nonlinearities in all three dynamical
equations. Also, the Poisson equation is solved using Fast Fourier Transforms as
incorporated in the FFT2 set of routines long used in particle-in-cell codes developed

over many decades at UCLA [9]. Thus the Poisson equation reduces to
-1
@, ={k*+7| n, (22)
with n, representing the perturbed density in k-space only and its multiplier constituting

the so-called form factor where an appropriate digital filter can be incorporated if needed.
Furthermore, a dynamic time step of integration has been implemented in our algorithm
whereby the instantaneous time step is adjusted to the inverse of one-half of the
maximum x or y velocity anywhere on the grid thereby insuring that the Courant stability
and accuracy condition [7, 8] is satisfied at all time in the nonlinear calculations.
Boundary conditions other than periodic (and even periodic for ease of testing of the
bounded implementation) have been incorporated in our algorithm using the image
charge method [10]. This means that the appropriate image system is replicated from the
physical one with the correct parity. As an illustration, if the derivative of the density is to
go to zero at the physical boundary or, put in another way, if the density is continuous

across that boundary, then the density in the image system is such that

N(2L, —x) =+N(X). (23)
Periodic boundary conditions imposed over the extended system result in

N(L, +x)=+N(x), (24)
whereas density going to zero at the wall would look like:

N(2L, —x) =+N(X). (25)

So doing, the boundary is actually between the last grid point in the physical system and
the first grid point in the image system taking the right-most boundary as an example.
The parity for the other terms in the equations consistently follows from the choice made
for N. Even though the image method results in twice the expense, it is much to be
desired for symmetric boundary conditions (i.e. the same boundary conditions imposed at
both boundaries) because of its simplicity and ease of implementation. Results below are

for the flow-driven ion acoustic instability, with uniform density and Gaussian velocity



profile, and Te=Ti=1.0. The parameters are such that V; = o, x A,. With Te=T; it also

follows that the unit grid spacing A, = I'. Where 1, is the Debye radius of electrons.

The plots below (Figures 3-6) are for maximum flow speed equal to 2.5 times the speed
of sound:

Upmax = 2:9%xCs . (26)
In Figure 3 the excitation of ion acoustic oscillations by a flow with a velocity shear in
the form of a Gaussian profile is presented. The black curve corresponds to the
normalized kinetic energy of the flow. The blue and red curves correspond to

dimensionless density and electrostatic potential versus dimensionless time, respectively.
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Fig. 3. The black curve corresponds to the normalized kinetic energy of the flow. The
blue and red curves correspond to dimensionless density and electrostatic potential versus
dimensionless time, respectively.

It is clear that the source of the energy for the instability development is the kinetic
energy of the plasma flow. lon density and electrostatic potential have the same growth

rate. Saturation of instability in the nonlinear stage is connected with ion dissipation.

Growing perturbations of the electrostatic potential @ at different moments in time are

presented in Figures 4 and 5. According to Equation 17 the electron density perturbation

N, follows the perturbations of the potential.



Fig. 4. Potential at )t =900

Fig. 5. Potential at w;t =3000
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The formation of large scale structures in the potential can be observed in Figure 5. Note
that these density structures are centered in the regions of maximum velocity gradient,
associated with the Gaussian velocity profile. In Figure 6, the ks and k, spectra of the
density fluctuations are presented. The decay index « of the amplitude of the density
fluctuations with respect to normalized ks and ky is found to be within the interval
—2.15<a<-1.98.

10

T — T

101 — = 2.5089€-06 * x"(-1.9814) R=0.97635
— = 1.9145€-06 * x"(-2.1497) R=0.98272

107 |

o100 L

0

Fig. 6. Spectra in ky and ky of the density fluctuations

The results of the spectrum analysis also show that the decay index of the k-spectrum is

highly dependent on the temperature ratio % and on the maximum of the flow velocity

u

Omax *

3. ELECTROMAGNETIC WAVE SCATTERING

Below we present an analysis of the scattering of EM waves on density perturbations

associated with ion acoustic turbulence excited by a plasma flow with velocity shear. The

11



amplitudes and spectra of the scattered waves, as well as the scattering cross section for
the EM wave propagating through the plasma sheath, are evaluated. The mechanism of
generation of scattered waves is connected with appearance of induced charges and
currents under the action of the incident EM wave. We will investigate the interaction of
incident wave and low frequency turbulent pulsations inside a plasma sheath, which are
assumed to be relatively small. In this case we can separate the incident and scattered
waves. On the other hand, the process of the interaction of the incident wave with the
turbulent plasma pulsations requires the use of nonlinear equations. The nonlinear current
generated by this process in the case of a high frequency incident electromagnetic wave
contains only an electron component. The dispersion properties of waves involved in the
scattering process are presented in Figure 7, where the wave frequency is schematically
plotted as a function of the wave number k. It follows that different scenarios are
possible from the analysis of the dispersion of the electromagnetic, electrostatic

Langmuir, and ion acoustic waves involved in the scattering process.

12



pe

Fig. 7. Dispersion curves of waves inside the plasma sheath:
1 — electromagnetic wave with the dispersion: ,, — 2, + K3

2 — Langmuir wave with the dispersion: 4, — o, (1+§kzr§ ), Where p_ Vie s the
e 2 e e

pe
electron Debye radius, V;, is electron thermal velocity and @, is the electron

plasma frequency.

3 — lon acoustic wave with the dispersion: ,, ____“» _ where @ is the ion plasma
‘ N "
De

frequency.

In the case when the frequency of the incident EM wave is much larger than the electron

plasma frequency (o, > 0, ), the scattered waves will also be electromagnetic with

frequencies in the range «, + w,, where frequency , belongs to the wave from the ion

acoustic wave spectrum excited in the plasma flow. In the case when the frequency of the

incident EM wave is close to the plasma frequency (o, > o) two processes can take

place:

13



1. Scattering of the incident EM wave into another electromagnetic wave with
frequency o, + w,.
2. Transformation of an incident EM wave into a Langmuir wave with frequencies

in the range o, + w, -

We first investigate the scattering of an incident EM wave with frequency o, >> w,,. We
consider a plasma sheath with the following parameters: electron density n,, =10° cm®,
electron  plasma  frequency @, =5.64x10° rad/sec, ion plasma  frequency
w, =2.11x10° rad /sec, and the frequency of the incident EM wave ¢, =27 x10° rad /sec.

The density of the neutral air molecules inside the plasma sheath is taken to be

n, =10" cm=. The scattering cross section of electrons on the neutral air molecules for the
case when the electron energy does not exceed 200 eV can be taken as
o, ~1.5x10™° cm?[11]. For a temperature of electrons T, ~0.01eV the electron - neutral
collision frequency can be estimated as: v_ =n V.o =6.29x10° sec™". In this report we focus

attention on the analysis of the scattering of an EM wave with p polarization. This wave

can be presented in the following form:

E, =Eqy, exp{i(k,r — a)kot)} (27)
where for the components of the electric and magnetic fields in the wave we have:
Eo :{Eow EOy’O}; Bo :{O’O’ BOZ} . (28)

We use the Maxwell’s equations to describe the scattered waves
10B,

rotg, =—— 29

£ =" (29)

rotB, = 4—”j+ L1, (30)
¢ c ot

The current j, contains linear and nonlinear parts:
jo=io it (31)
In order to find the linear current j; we can use the linearized Vlasov equation for the

distribution function of electrons:

14



o5tL ool e 1 of
v —=—-—{E, +-[vxB,]}-%=0. 32
a P A Ly (32)

5

In Equation 32 5 f" is the linear part of the distribution function of plasma electrons
associated with the electric and magnetic field of the scattered wave. f,, is the zeroth

order Maxwellian distribution function:

Noc Vi (V, —Uy ) +V
fo=— 0 _expi——X -V O 2L 33
M (2 )3/2\/3 p{ 2VT26 ( )

where u,, is the flow speed.

The linear current j- is the first moment of the distribution function:

jt=-¢ I vofldv . (34)

To solve Equation 32 we will choose the system of coordinates moving together with the
plasma flow:

Ve=V,; VvV, =V, =l Vv, =V, (35)

r=r+u,t-e, (36)

where vand rare in the new coordinate system while v and r are in the laboratory
system. In the new system of coordinates we should replace the frequency of the incident
wave by the Doppler-shifted frequency:

@, = @, — Ky Uy, (37)
where o is in the new system of coordinates and « in the laboratory system. Now it is
possible to write equations for the components of the electric field in the scattered waves

in the following form:

2 47[0)

C()+ e
L= p — (K& + KB, === e (38)
o a)z 2 2 47TCU+
[ ——5 — (K& +KE)IE, =i Jye - (39)
¢ cf
On introducing &, (w,,k, ), defined as
o} pe 2 2 o}
o Kk = zg(@,k) (40)

15



we represent (38) and (39) as:

2
w; Ao,
?gj_(a)i’ki)Eki =-l CZ K,

(41)

Now we calculate the nonlinear current jka which is responsible for the scattered waves

generated by the interaction of the incident EM wave with low frequency ion acoustic

type perturbations. First we represent the distribution function F of electrons in the form
F=f,+0f,+5f+6f,, (42)

where f,, is the Maxwell distribution given by Equation 33, Jf, is the perturbed

distribution due to the presence of the EM wave, 5f*=5f""+5f™ are the linear and

nonlinear parts of the perturbed distribution function due to the presence of the scattered

signals, and o f, corresponds to the perturbation of the distribution function due to the

presence of ion acoustic turbulence. The equation for the distribution function associated

with the nonlinear generation of scattered waves has the form

oot o5t e 1
+V- =—{E,+—-[vxB
at or m{ ° c[ *Bold

[

oof, e

1 0o f
+—{0E, +=[vxoB 0
S OB VBT

ov

(43)

In Equation 43 E; and B, are the wave fields of the incident EM wave, SE, is the
electric field in electrostatic ion acoustic perturbations, and 6B, =0. We use Fourier

transforms to solve (43). If we take the following expression for the incident EM wave:

Eo(r,t) =E, sin(k,r—aot), (44)
its Fourier components are given as
<E, > .= 21 E, 5(k, —K)5(w, ) —%Ek S5(K, +K)5(w, + @) (45)
' I 0 I 0

The Fourier transform for the ion acoustic waves has the form

1
SE,, =——| 6E, (k,yexp{i(a,t —k,r)d’rdt. (46)
ACA (272_)
The Fourier components of the nonlinear part of the distribution function of scattered

waves are given as

- 1 00 f e 1 = oo f
FI(E,+—VvxB)—=]+— F [OE,—1 (47)
mo-k-v c o mo-k-v ov

e

k,0

16



In Equation 47 the operator lfk’wstands for the Fourier transformation applied to the

expression in the brackets.The induced plasma current due to the interaction of the
incident EM wave and ion acoustic waves (responsible for excitation of scattered waves)
is given by

Sy, =—€ j v-sfl dv. (48)

Using Equation 47 for 5jk“‘iwi we obtain

Six » =65 +8i, + 8y, | (49)
where
. i62 1 0 R
o), :_va—k-vg Eko%é‘fA,kfk',w—w'd3kdw ' (50)
- I82 3 1 1 a 31 1
&f=7ajdwvw_kNjEWx&Kﬂggéu“wwdkdw, (51)
- i82 l a 311 [}
and 5h=—ﬁng_kN5;UEmw6%k%wwdkdw]. (52)
It is possible to show that:
|5J_2 |_kv <<1 (53)
| 6], | o
and
653 I~ —5 18l | << |6l | - (54)

2
m.,c

Taking into account (53) and (54) we finally have for the current which is responsible for
the excitation of scattered waves
_ 3ie?

Sit, =2
m,w

k,@

[EokoONak 00 00k de’ (55)

Now with the help of Equation 41 we have

t 30)[239 31,1 1
Ek,a) = gt a)zn J‘EO,k',a)'é‘nA,k—k',a)—a)'d k dCO ! (56)
k,o 0

where E,  is the Fourier transform of the scattered electromagnetic waves, and

17



> 2.2
et G7)

The spectrum of the scattered electromagnetic field (Equation 56) in fact consists of two

parts, E, , and E, , , where
k, =K, K, (58)
and w, =w, T, (59)

In Equations 58 and 59, k, is the wave vector of the incident EM signal and k, is the

wave vector from the turbulent spectrum of the ion acoustic waves. Using (56), (58), and
(59) we obtain

3 2
Ek,(u —J.EOkw Akk(u(ud k da)
gk wCl) n (60)
3w, E, "
= —gk o 2 [on k+k0]

Instead of the field given by (60) we can introduce fields E°, , and E*k“%, where

(k_,@ ) and (k,,,) are given by (58) and (59), respectively. Now, taking into account

that €£k7 = 8.2 from (60) we obtain

2
a) *
E ., _3 S __Esnt, .

o9 & , @M
A similar expression can be obtained for E”, , .The electric field in real space is given
by

E = j dk Jdw,E; , expli(k r-at). (61)

From Equation 61 it is clearly seen that the spectrum of scattered waves consists of
shifted wave vectors and frequencies, proportional to the wave vectors and frequencies in
the spectrum of ion acoustic waves excited by a flow with velocity shear. The expression

for the nonlinear current (Equation 55) can be written in the form
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i, = o [EokwMai s pdk da -
3a);e
= 87Z'n060 EO [5nk7k0’(07% _5nk+k0,w+a)0 ]
Again, from Equations 58 and 59 we get
. 36();e .
é‘JN koo — E05n Kp o (63)
T 8rnyw. A

and o)y = j dk,d@,S]y ., expli(k_r-awct) (64)

In order to calculate the scattered power we should define the increase in the energy of

scattered waves during one second as
5Q° =—Rej< Sy (F.)-E7(F.t)>d°r (65)

where Re means the real part, E”(F,t) is the complex conjugate of the scattered

electromagnetic field, and <...> denotes time average. Further, using the following

relations,
T 1 . .
Sjn (F ) =—"[dk do. —Eyon", , ,, , explik r-wt)]  (66)
87N, . omh T
and  E(F,1) —%Idk' do 1 1 g on’ expli(k_r—w t)] (67)
" 8an, R 07 koK oy - -
we finally obtain
97[320)4 |
0Q =———"FE’Re|dk do  ——|0On" 2 68
Q n20 0 J' - - gt . 'w‘ia)3_ | Ko—K _,ap—o _ ( )
with the density spectrum defined as
A 1
T e v
(Kax + kAy) Dy

where 4 ~ 0.1, based on our numerical results.

Knowledge of (68) allows us to calculate the scattering cross section o due to the
presence of ion acoustic turbulence as
SO
o = Q2 )
cEo
A

(69)
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where o~ is defined as the ratio of the scattered power (defined as the work done per unit
time by the field created by the nonlinear current) to the energy flux of the incident EM

signal. From Equation 68 we see that it is necessary to include dissipative terms in the
expression for ¢, ,, otherwise 50" =0. Taking into account collisions of electrons with

neutrals we have

t pe - Ven"’pe
5kw—1_w2_ pE: +1 e
2 2 2 2
t -1 a)pe k“c t =i Vena)pe
Eike =1~ e - P € oko = e
Now we can write
i &'
_ 2.k,0
Re( t* )__ t 2 t 2 " (70)
€ K,» (8 l,k,a)) + (8 2,k,a))

There are two ways to calculate the integral in (68). In the first case, which we can call

non-resonance, scattered waves are not plasma eigenmodes, i.e.,

&' (w,,k,)#0, (71)
and this results in
o, # O, - (72)
In the second instance, the resonance case, we have
& (o, k.)~0 (73)
and [5, 6]
Re(#) :_ﬂw . (74)
“ a‘wfw(kJ

It follows from the dispersion properties of the EM and ion acoustic waves that (for the
range of frequencies and plasma parameters of interest) we should consider the non-
resonance case (Equation 71). Using (70) in the integral for the scattering cross section
given in (69) and performing the numerical integration one obtains the following results.
When the width of the plasma sheath is varying in the interval

3 <L <15cm (75)

the amplitude of the scattered waves is found to belong to the interval
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10 < E <10", (76)

0

where E;is the amplitude of the incident EM wave. The corresponding scattering cross

sections belong to the interval:

10" <o <10 cm? (77)
It is also worth mentioning that the phase change in the scattered waves can impact the
phase-locking-in process for signals from GPS satellites. This is connected with the fact

that the absolute values of the wave vectors of scattered waves k, =k, tk,, due to the

inequality k, < k,, can be responsible for a significant change of the integrated phase

shift y ~ [k, dx.

4. TRANSFORMATION TO LANGMUIR WAVES

Below we present an analysis of the transformation of the incident EM signal into a
Langmuir wave due to interaction with density perturbations associated with ion acoustic
turbulence excited by a plasma flow with velocity shear around a hypersonic vehicle. The
transformation process can take place when the frequency of the incident EM signal is

close to the electron plasma frequency inside the sheath. This corresponds to an electron
plasma density n, ~10" cm™. The efficiency of the transformation of an EM wave (in

our case it is the GPS signal) propagating through a plasma sheath into an electrostatic
Langmuir wave on ion acoustic density perturbations will be evaluated. We also show
that inside the plasma sheath the process of transformation is resonant in nature, in
contrast to the EM signal scattering into an electromagnetic wave. As a result the excited
wave amplitudes as well as the scattering cross section for this process are much larger
than the corresponding quantities in the case of scattering into an electromagnetic wave.

The mechanism of appearance of electrostatic Langmuir waves is connected with
transformation of an incident EM wave on ion acoustic density perturbations by induced

charges and currents. So in the process of this interaction another type of wave — an

electrostatic Langmuir wave — is generated and this is the reason it is called a wave

transformation.
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Dispersion properties of waves involved in the scattering process are presented in Figure

1. Below we concentrate on the case when o, > o, (frequency of the EM wave is slightly

above the plasma frequency inside the sheath) and transformation of the EM signal into
an electrostatic Langmuir wave on ion acoustic density perturbations is possible. We will

consider a plasma sheath with the following parameters: electron density

n,, ~10°° cm™, so that the electron plasma frequency is slightly smaller than the
frequency of the incident EM wave (GPS signal @, ~ 27 x10° rad/sec). The density of

neutral air molecules inside the plasma sheath is taken to be n, =10" cm™. As in the

previous section, we analyze the scattering of an electromagnetic wave with p

polarization (see (28)).

The scattered Langmuir wave being an electrostatic wave, will have the following

polarization:
E, ={E,.E,.0} B,={0,0,0}. (78)
To describe the scattered wave we use the Poisson equation:
divE, = —4rzen”, (79)
where E,=-V®° and A®*=4zen* (80)

The density n* contains linear and nonlinear parts
n“=n’+ny, . (81)
In order to find the linear density perturbation n;" we use the linearized Vlasov equation

for the distribution function of the electrons:

L L
0of. 3.0t &g du_g 82)
or m = oV

In equation (82) & f." is the linear part of the distribution function of plasma electrons
associated with the electric field of the scattered wave. f,, denotes the zeroth-order

Maxwellian distribution function defined as
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2 2 2
Vi + (v, —Up, ) +V;
2
2VTe

L

@V,

} (83)

where u,, is the flow speed. The linear density perturbation on’ is the zero-th order
moment of the distribution function given as
n; =[ofrdy . (84)

To solve (79) we, as in the previous section, choose the system of coordinates moving

together with the plasma flow, and hence obtain

en k,-v
SR == PR (85)
and
eny, P K, v Vi V24V
ne =I5fkid3v=— e I = exp[— Yy 11d*v,  (86)
(27)" vim, * o K, -V 2v;,

where nkLi represents the linear part of the density fluctuations. After substituting (86) into

(4) we finally write the Poisson equation as
g (k,, 0, )K:®, =—-4zen;" (87)
where
e (k. m,) =1+#[1+ iNzw(z)], (88)
+ " De
with w(z) defined as
i T exp(-y?
w(z) =— J‘ M (89)
T -y
and

t=—Y (90)

7, =
kv, J2v,,
Finally, the Fourier component of the scattered Langmuir wave field can be written as

: itw, 1 (k-E) ..
B S = Ty K ek (91)
) o W _

Hence we obtain the following expression for the scattering cross section:
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A2 M. k, cosd, +k, sing,)?
o = 278 (%)ZjdkmdkAyde(Ax o+ Ky SING)”

k2

C
(92)
1 &y

2
@) 12 F +12 T |

| nkAx ,kAy,(oA

Taking into account that scattered Langmuir waves are now the plasma eigenmodes, we
make use of expression (74) in Equation 92. Also we use the following expression for the

scattering cross section for the numerical integration:

1V2 (k,, cosd, +k, sing,)?
- _10.5% V1 Ax 0 TRy 0 2
O =187" 5 [k dk % 100 4 o [ (93)
with the density spectrum defined as
|on i A iz : (94)

K K =
sl (G kG @

where according to numerical results 4 ~ 0.1. Now, when the width of the plasma sheath
is within the interval

3 <L <15cm (95)

the amplitudes of the scattered Langmuir waves are found to be much larger in

comparison with the amplitude of the scattered EM waves. The ratio of the scattered
Langmuir wave amplitude E; to the amplitude E, of the incident EM wave was found

to be in the interval
=+ < 1. (96)

Corresponding scattering cross sections are in the interval

10° <o’ <107 . (97)

24



5. SUMMARY

The purpose of the work is to understand the influence of a plasma flow with velocity
shear on the properties of incident EM waves used for communication purposes. This
report consists of two parts. In the first part we have investigated the excitation of low
frequency turbulence inside a plasma flow with velocity shear. We have demonstrated
that the flow with a Gaussian velocity profile excites low frequency turbulence associated
with appearance of the vortices and electrostatic ion acoustic type oscillations. In the
second part of the report we analyzed the scattering of an incident EM wave on excited
turbulent pulsations associated with the ion acoustic type waves. It is shown that in the
case when the frequency of the incident EM wave is much greater than the electron
plasma frequency, the scattered waves will be also electromagnetic with frequencies in

the range @, *w,, where the frequency ®,belongs to the wave from the ion acoustic

wave spectrum excited in the plasma flow. The scattered EM waves in this case are not
plasma eigenmodes and can exist only as forced perturbations in the vicinity of the region
where they were generated. It is also worth mentioning that a similar type of scattering
(only with different type of waves involved) was observed during the active experiments
in the ionospheric plasma, analyzed in [12, 13].

In the case when the frequency of the incident EM wave is close to the plasma frequency

(o, =2 ) two processes can take place:
pe

1. Scattering of the incident EM signal into an electromagnetic wave with
frequencies o, o, .

2. Transformation of an incident EM wave into Langmuir waves with frequencies in
the range o, + w, -

The scattered EM waves in this case are not plasma eigenmodes, but the Langmuir waves
are. As a result the scattering cross section for the processes involving Langmuir waves

inside a plasma sheath is much higher.
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